We present far-infrared and submillimetre spectra of three carbon-rich evolved objects, AFGL 2688, AFGL 618 and NGC 7027. The spectra were obtained with the SPIRE Fourier transform spectrometer on board the Herschel Space Observatory, and cover wavelengths from 195-670µm, a region of the electromagnetic spectrum hitherto difficult to study in detail. The far infrared spectra of these objects are rich and complex, and we measure over 150 lines in each object. Lines due to 18 different species are detected. We determine physical conditions from observations of the rotational lines of several molecules, and present initial large velocity gradient models for AFGL 618. We detect water in AFGL 2688 for the first time, and confirm its presence in AFGL 618 in both ortho and para forms. In addition, we report the detection of the J=1-0 line of CH + in NGC 7027.
Introduction
Low-to intermediate-mass stars (<8M ) shed much of their mass during the final stages of their evolution, in the form of a slow molecular wind. The mass loss causes the star to leave the Asymptotic Giant Branch (AGB), moving to the left in the Hertzsprung-Russell diagram. The star becomes hotter, warming and eventually ionising its previously ejected outer layers, which become visible as a planetary nebula (PN). The ejecta from such stars are a major contributor to galactic chemical evolution (e.g. Matsuura et al. 2009 ).
The evolution from the AGB to the PN stage is rapid, and relatively few objects in this intermediate stage are known (326 are listed by Szczerba et al. (2007) , compared to around 3000 known or suspected PNe (Frew & Parker 2010) ). AFGL 618 and AFGL 2688 (the Egg Nebula) are two of the best-known objects in this transition stage. AFGL 2688 is illuminated by a central star with spectral type F5, and Hubble Space Telescope images reveal a large number of round arcs crossed by 'searchlight beams ' (Sahai et al. 1998) . Proper motion measurements give a distance of 420pc and a dynamical age for the ejected material of 350 years (Ueta et al. 2006) . AFGL 618 entered the protoplanetary nebula (PPN) phase 100-200 years ago (Kwok & Bignell 1984 , Bujarrabal et al. 1988 , and is more evolved than AFGL 2688. It contains a B0 central star surrounded by a compact H ii region (Wynn-Williams 1977 , Kwok & Bignell 1984 . The variability of free-free emission from this object over the last 30 years implies rapid evolution (Kwok & Feldman 1981 , Sánchez Contreras et al. 2002 . NGC 7027 is a very young planetary nebula (Masson 1989) . It has been extensively studied due
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to its high surface brightness at all wavelengths, and observations with the Infrared Space Observatory (ISO) revealed a farinfrared spectrum rich in atomic and molecular lines (Liu et al. 1996) . Its ionised inner regions are surrounded by and partly obscured by a PDR and massive molecular envelope.
Previous far infrared and sub-mm observations of these evolving post-AGB objects, although limited in their spatial resolution and spectral coverage, have revealed rich spectra containing numerous molecular and dust features (e.g. Cox et al., 1996 , Liu et al. 1996 , Herpin et al. 2002 , Pardo et al. 2004 , 2005 , 2007a , 2007b . The Herschel Space Observatory (Pilbratt et al. 2010 ) now significantly extends our observational capabilities. The SPIRE spectrometer covers wavelengths from 195-670µm, a region of the electromagnetic spectrum hitherto largely unexplored. The SPIRE instrument, its in-orbit performance, and its scientific capabilities are described by Griffin et al. (2010) , and the SPIRE astronomical calibration methods and accuracy are outlined by Swinyard et al. (2010) . Here we present observations of AFGL 2688, AFGL 618 and NGC 7027 using the SPIRE spectrometer.
Observations
Observations of AFGL 2688, AFGL 618 and NGC 7027 were obtained using the SPIRE Fourier transform spectrometer, which covers short (SSW, and long (SLW, 303-671 µm) wavelength bands simultaneously. We combine data taken during the satellite's Performance Verification Phase with data taken during the Science Demonstration Phase for the Massloss of Evolved StarS (MESS 1 ) guaranteed time key program (Groenewegen et al., in preparation) . We reduced the spectra 2 R. Wesson et al.: Herschel-SPIRE FTS spectroscopy of the carbon-rich objects AFGL 2688, AFGL 618 and NGC 7027 with the Herschel Interactive Processing Environment software (HIPE), using the standard point-source pipeline described by Swinyard et al. (2010) . A dark-sky observation taken close to the time of the object observations was subtracted to correct for telescope and sky emission, and the spectra were flux-calibrated using observations of the asteroid Vesta. We combined three observations of AFGL 618, five of AFGL 2688 and seven of NGC 7027 to obtain our final spectra. The total on-source exposure times were 11 988s (AFGL 618), 4 928s (AFGL 2688) and 11 188s (NGC 7027).
The FTS produces spectra in which the line profiles are sinc functions; to eliminate the negative side-lobes this produces, we apodized the interferograms using the extended Norton-Beer function 1.5 (Naylor & Tahic 2007) . This results in line profiles which are close to Gaussian, with a full width at halfmaximum (FWHM) of 0.070cm −1 (2.1 GHz). We then measured line intensities using the elf Gaussian fitting routine in dipso (Howarth et al. 2004) . We detected 203 lines in AFGL 2688, 214 in AFGL 618 and 164 in NGC 7027. We present plots of the continuum-subtracted spectra in Fig. 1. 
Line measurements
Most strong lines in our spectra are readily identified, although a number of lines remain unidentified at this stage. Table 1 , available online, contains measured line intensities and identifications for each object spectrum; Tables 2, 3 and 4 list the strongest unidentified lines. The quoted uncertainties are from the line fitting only; the absolute uncertainties on the flux calibration are estimated to be 10-20% in the SSW band and ∼30% in the SLW band.
CO: All three spectra are dominated by the rotational lines of 12 CO. We plot rotational diagrams using the method described by Justtanont et al. (2000) . Figure 2 shows plots for 12 CO and 13 CO for our targets, using all the observed lines, from J=4-3 to J=13-12 for 12 CO, and J=5-4 to J=14-13 for 13 CO. The CO J=10-9 line at 38.426 cm −1 is blended with HCN J=13-12 at 38.408 cm −1 , and we estimate the relative contribution of the two species by linearly interpolating between the fluxes of the two neighbouring lines. The sum of these estimated fluxes is within 3 per cent of the measured flux of the blend.
We derive rotational temperatures by fitting a line to the observed points, with the slope of the line being equal to 1/T rot . The data clearly cannot be fitted by a single temperature, and so for 12 CO we fit the data for J up≤ 7 and J up≥ 8 separately, while for 13 CO we fit the data for J up≤ 9 and J up≥ 10 separately. The temperatures we derive lie between 60 and 230K, and are shown on the plots in Fig. 2 . The uncertainties on the rotational temperatures are typically 10-20 K. Justtanont et al. (2000) find considerably higher temperatures following this approach for lines up to J=37-36 observed in ISO-LWS spectra; plotting the new Herschel data together with the ISO data clearly shows that the CO lines cannot be described by a uniform rotational temperature, with the higher-J lines requiring higher temperatures. This indicates that the low-J lines are tracing the extended AGB envelope, while the higher-J lines are tracing hotter gas from the inner layers of the outflow. Models produced by Herpin & Cernicharo (2000) and Herpin et al. (2002) use several spatial components at different temperatures to reproduce the observed emission from these objects.
HCN: We also plot rotation diagrams for H 12 CN and H 13 CN in AFGL 2688 and AFGL 618, where these species are well detected (Fig. 2) . We derive rotation temperatures from fits to the observed points, using the interpolated flux described above for the J=13-12 transition of H 12 CN, which is blended with the 12 CO J=10-9 line. The temperatures we derive are comparable to those derived from the 13 CO lines, suggesting that these species trace similar regions of the circumstellar environments.
Rotational lines of vibrationally-excited HCN lines can be prominent in the AGB phase of carbon-rich stars (Cernicharo et al. 1996) , and we detect them in AFGL 2688 and AFGL 618. At the resolution of the SPIRE spectrometer, the l=-1 component of the ν 2 =1 level is blended with the ground state HCN lines, while the l=+1 component lines lie within one resolution element of those of HCO + ; ionised molecular species have very low abundances in AFGL 2688 and so we attribute lines at the frequencies of HCN ν 2 =1 to this species alone. In AFGL 618, if the blend is not resolved we attribute the lines to both HCO + and HCN ν 2 =1. H 2 O: Herpin & Cernicharo (2000) detected lines due to ortho-H 2 O in AFGL 618 in ISO spectra. We now also detect para-H 2 O in this object, and we also detect water lines from AFGL 2688 for the first time. We also detect seven lowlying water lines from NGC 7027. The origin of oxygen-bearing molecules in carbon-rich objects is not well understood, given the expectation that all oxygen molecules will be locked up in CO with none left over to form oxygen-bearing molecules. They may trace much older regions of the outflow from the star, from a time when its surface composition was oxygenrich. Cernicharo et al. (2004) showed that photodissociation of CO by the stellar UV field followed by reactions with H 2 can account for the observed abundance of H 2 O in AFGL 618; AFGL 2688's much cooler central star makes a similar origin unlikely. Alternative production mechanisms include the vaporization of icy bodies (Melnick et al. 2001) , Fischer-Tropsch catalysis on grain surfaces (Willacy 2004) and radiative association between atomic oxygen and molecular hydrogen during the AGB phase (Agúndez & Cernicharo 2006) . Another possibility that should be explored is how deep interstellar UV photons can penetrate into the envelope. The circumstellar envelope of AFGL 2688 is formed by a series of concentric shells rather than a continuous envelope (Sahai et al. 1998) , and if interstellar UV photons can reach its warm inner regions, then a very rich chemistry could be triggered by the photodissociation of CO and other species. In the case of NGC 7027, water lines were tentatively identified in ISO-LWS spectra by Cernicharo et al. (1997) and Liu et al. (1997) . Yan et al. (1999) and Agúndez et al. (2010) showed that H 2 O could form in NGC 7027's warm, dense PDR through reactions involving vibrationally-excited H 2 .
CH + : Lines due to ionised species are absent in the spectrum of AFGL 2688, weak in AFGL 618 and strong in NGC 7027. The CH + line at 27.855 cm −1 is very bright in NGC 7027, and we combine our observation with LWS observations of higher-J CH + lines from Cernicharo et al. (1997) to produce the rotation diagram in Fig. 2 . The data cannot be fitted by a single temperature, and we derive T rot =72±12 K for E j <400 K, and T rot =257±8 K for E j >400 K. These temperatures are far lower than the ∼4300 K activation energy of the reaction C + + H 2 → CH + + H. However, under the simplifying assumptions of low optical depth and LTE, the derived rotational temperature is a lower limit to the kinetic temperature. Agúndez et al (2010) find that CH + in NGC 7027 is formed both via this reaction in warm gas (T k >400-500 K) and via the reaction of vibrationally excited H 2 with C + .
LVG models for AFGL 618
To further investigate the nature of AFGL 618, we constructed a large velocity gradient (LVG) model, based initially on that of Fig. 1 . Continuum-subtracted SPIRE FTS spectra of NGC 7027 (black), AFGL 618 (red) and AFGL 2688 (blue). For clarity, the spectrum of NGC 7027 is multiplied by a factor of two, the spectrum of AFGL 618 is offset by 10 Jy, and the spectrum of AFGL 2688 is offset by 20 Jy. Herpin & Cernicharo (2000) , in which the object is modelled as a torus surrounded by a high-velocity wind (HVW) region, with the ejecta from the earlier AGB phase further out. Material in the torus is at temperatures from 250-1000 K; the HVW region consists mostly of 200 K material with a small amount of hotter gas at 1000 K, and the AGB remnant has a temperature of 100 K. The CO rotation temperatures derived by Justtanont et al. (2000) from ISO data, and in this paper from Herschel data, are consistent with the model temperatures, with ISO sampling the warmer material and Herschel being sensitive to the cooler material further from the central star. We used the model to predict 12 CO, 13 CO, H 12 CN and H 13 CN fluxes. Matching our observed 12 CO and 13 CO fluxes was possible with almost exactly the same model parameters for CO as given in Table 1 of Herpin & Cernicharo; the only change was to reduce the 13 CO column density in the AGB ejecta from 3.5×10 17 cm −2 to 2.5×10 17 cm −2 , reducing the total 13 CO column density by 7%. This is well within the estimated model uncertainties of 20-30%. A good match to the observed H 12 CN intensities required a total column density of HCN a factor of 5 lower than the value found by Herpin & Cernicharo (2000) . This reflects the different regimes to which ISO and Herschel are sensitive, with Herschel providing information about much cooler regions than could be observed with ISO. The match to the H 13 CN intensities is poor; these lines are quite weak in AFGL 618 and may be blended. We plot the predictions of the model for 12 CO, 13 CO and H 12 CN on the rotation diagrams in Fig. 2 .
The 12 C/ 13 C ratio is a tracer of the history of nuclear processing inside stars. 13 C is an intermediate product in the CNO cycle which is the main fusion reaction converting hydrogen into helium in stars with masses>1.2M , and lower 12 C/ 13 C ratios result from CNO cycle material being brought to the surface. Milam et al. (2009) 
Conclusions
The unprecedented wavelength coverage and excellent sensitivity of the SPIRE spectrometer have allowed us to see the incredibly rich far-infrared and submm spectra of three carbon-rich evolved stars for the first time. We have detected 150-200 emission lines in the SPIRE FTS spectra of AFGL 2688, AFGL 618 and NGC 7027, and presented preliminary investigations of the physical conditions in these objects based on the new data. We find water in both ortho and para forms in all three objects, and observe strong ionised lines in the more evolved NGC 7027, including the J=1-0 line of CH + . This line, never previously detected in an astronomical source, is also detected in Herschel spectra of H ii region PDRs (Naylor et al. 2010 ). LVG models of AFGL 618 are in excellent agreement with those based on earlier ISO data. These observations show that the SPIRE spectrometer on board Herschel can provide significant new insights into the temperatures structure and chemical content of the outflows from evolved stars. 
